Introduction
============

Magnetic Resonance Imaging (MRI) is a promising technology in biomedical research and clinical diagnosis and provides high spatial resolution without the use of ionizing radiation [@B1]. Contrast Agents (CAs) are metal ions injected prior to MRI scanning in the human body to enhance the signal intensity and improve the contrast between healthy and pathological tissues [@B2]. Among them, the most extensively used CAs in the clinical practice are paramagnetic gadolinium (Gd) chelates [@B3], [@B4]. Despite their widespread use, these Gd-based CAs are limited by low sensitivity [@B5], [@B6]; therefore, a large amount of these paramagnetic agents needs to be used to obtain an appropriate diagnostic contrast [@B7]. In many cases, the exposure to Gd-based MRI CAs in patients with compromised renal function is associated with Nephrogenic Systemic Fibrosis (NSF) [@B8], a systemic disease that can lead to death [@B9]. Moreover, recent studies in humans conducted by McDonald, Kanda and coworkers [@B10]-[@B12] have revealed that these compounds are retained in some tissues (i.e. kidneys, bone, skin and brain) also in healthy subjects.

In this framework, the opportunity to develop a safer and more effective probe for MRI [@B13] starting by clinical approved CAs is a significant and valuable challenge [@B14]-[@B16].

It is well known that MRI CAs are classified based on their relaxivity, which represents the rate of change in longitudinal (r~1~) or transverse (r~2~) relaxation times of the water protons per mM concentration of metal ions. The relaxivity determines the enhancement of the image contrast and it can be influenced by many factors, such as molecular motion, size, rigidity and possible binding between Gd-chelates and other macromolecules [@B2], [@B4], [@B13].

The Solomon-Bloembergen-Morgan (SBM) [@B17] theory explains the principles of the relaxation enhancement and describes some variables, called characteristic times, which can be manipulated to produce changes in the relaxivity of a Gd-chelate. Among these parameters, the water exchange rates, the hydration number and the rotational correlation time of the metal chelate play a key role in the design of high relaxivity CAs [@B18].

As reported by Port et al. [@B19], rigidification of Gd-based CAs would be favorable to an increase in the relaxivity of the metal chelate since the presence of the ligand around the Gd ion induces shortening of the residence lifetime of the inner-sphere water molecules (τ~M~) [@B20]. Also, they hypothesized that the presence of a rigid coordination cage of a chelate should limit its intramolecular conformational motions, which distorts the ligand field at the metal centre due to solvent molecules collisions, thus influencing the electronic relaxation times (τ~S1~ and τ~S2~) [@B19]. To assess the rigidification strategy, Port synthetized a constrained derivative of Gd-PCTA12, Gd-cyclo-PCTA12, in which one ethylene bridge connecting two nitrogen atoms of the triamine block is replaced by a cyclohexylene bridge, and the impact of rigidification was studied by comparing the physicochemical and relaxometric properties of both gadolinium MRI contrast agents, Gd-PCTA12 and Gd-cyclo- PCTA12.

Other experimental approaches studied by Decuzzi et al. [@B21], [@B22] proved that geometrical confinement could limit the mobility of water molecules and thereby enhance the relaxation response of Gd-based CAs without their chemical modification. In particular, they observed that nanometric pores of silica microparticles increase the rotational correlation time (τ~R~) of Gd-DTPA (inner-sphere effect), which cannot tumble freely being adsorbed on the walls of the 100 nm pores. At the same time, it also increases the diffusion correlation time (τ~D~) for water molecules (outer-sphere effect), which are geometrically confined and forced to interact longer with Gd-DTPA adsorbed to the inner pore surface [@B22]. Through the confinement strategy, a poor increment of the relaxivity can be obtained without modifying the chemical structure of the CA.

As advancement of the geometrical confinement [@B23], Courant et al. [@B24] and Callewaert et al. [@B25], showed that biocompatible hydrophilic hydrogels can be exploited to produce high water content nanoparticles (NPs) encapsulating the metal chelate. Inside the hydrogel, which creates a favorable aqueous environment for Gd-based CAs [@B26], [@B27], the rotational motion of the encapsulated CA (Gd-DOTP, Gd-DOTA and Gd-DTPA) is restricted and its magnetic properties are amplified.

In recent studies [@B14], [@B15], [@B28]-[@B30], the use of polymers to develop safer, more efficient and smart MRI CAs has significantly increased. Biopolymers, and particularly polysaccharides, have received considerable attention because the most of them are non-toxic and have various derivable groups (e.g. hydroxyl, carboxyl and amino groups) allowing easy chemical modifications or reaction with functional molecules [@B31]-[@B33]. Natural-occurring polysaccharides, like chitosan, alginate, heparin and hyaluronic acid, offer a suitable platform to produce nanoparticles due to their biodegradability, biocompatibility and ease in molecular modification and formation processes, such as by ionic or covalent crosslinking, ion-complex or self-assembly [@B33]. These properties not only make polysaccharides very promising materials for drug delivery but also proved to be useful in designing nanostructures for enhanced MRI [@B24], [@B34]-[@B37].

In our recently published works [@B5], [@B38], we have initially analysed the impact that hydrophilic biopolymer networks have on the relaxivity of Gd-based CAs and explained the role of water in the interaction between polymers and metal chelates. This concept, called "Hydrodenticity", has been the subject of further investigations as reported by Russo et al. [@B39]. In a former work published by Russo and co-worker [@B6], crosslinked Hyaluronic Acid NanoParticles (cHANPs) containing a Gd-chelate (Gd-DTPA), are synthesized through a microfluidic platform that allows a high degree of control over particle synthesis, enabling the production of monodisperse particles as small as 35 nm for MRI applications. The relaxivity (r~1~) achieved with the cHANPs is 12-times higher than Gd-DTPA. Within cHANPs, the properties of Hydrodenticity can be modulated to obtain the desired mesh size, crosslink density, hydrophilicity and loading capability, as reported by Russo et al. [@B39], [@B40]. Moreover, they proved that an increase of the crosslinking degree of biopolymer can induce the enhancement of relaxivity by restricting molecular tumbling while maintaining the switching property [@B41] and allowing easy access of water throughout the structure, which is a key feature in MRI CAs. The possibility to adopt a unique platform to tune the hydrogel structural parameters and, consequently, increase the relaxivity of a metal chelate without any chemical modification, could have a great impact on the clinical outcome. In fact, thanks to their improved relaxometric properties, cHANPs could ensure a brighter contrast with a lower amount of metal chelate, thus enabling the potential reduction of the administration dosage as approved for clinical use.

In a further work [@B42], we reported an efficient way to produce Hybrid Core-Shell (HyCoS) NPs composed of a Chitosan core and a shell of Hyaluronic Acid (HA) with improved relaxometric properties (up to 5-times than the commercial CA). Subsequently, the same nanosystem is used to develop a new nanoprobe for simultaneous Positron Emission Tomography (PET)/MRI acquisitions as reported in our more recent publication [@B43].

Based on the above-reported works, it has been finally demonstrated that the polymer architecture affects some characteristic parameters of the metal chelate and tunes its relaxometric properties [@B24], [@B39], [@B44]. Moreover, it is clear that crosslinked biopolymers can have a significant role in overcoming the limitations of clinically relevant CAs without their chemical modification and as a compound in the design of advanced nanostructures with improved safety profile and switchable relaxometric properties. Indeed, it is known that the functional features as well as the swelling behaviour of hydrogels are influenced by the hydration degree, which can be likely modulated by changing the chemical composition of the system [@B45]-[@B47].

Here, we aim to highlight the basic principles ruling biopolymer-CA interactions in the perspective of their influence on the relaxometric properties of the CA by adopting a multidisciplinary experimental approach. HA [@B26] is used as a model polymer because of its biocompatibility and high hydrophilicity. We characterize, physically and chemically, the interactions between hydrophilic biopolymers and Gd-based CAs. In this theoretical framework, the peculiar effect of Hydrodenticity on the polymer conformation and the formation of the stable water compartments responsible for the enhancement of the MRI signal is introduced and discussed. Finally, we use the acquired knowledge about polymer-CA systems to apply the concept of Hydrodenticity to the design of Gd-based polymer NPs with enhanced relaxometric properties.

Results
=======

Changes in polymer conformation induced by a Gd-based contrast agent
--------------------------------------------------------------------

The polymer conformation can be modified by the affinity with the solvent solution [@B48], [@B49]. Furthermore, the addition of a solute can still induce a change in the polymer conformation. In our previous work, we proved that the relaxivity of CAs can be modulated combining them with macromolecules or polymers [@B5]. Therefore, the understanding of the interaction between polymers and CAs in aqueous solution could be critical to tune the relaxometric properties of CAs. We aim to show how the presence of the Gd-DTPA in the aqueous solution can influence the behaviour of the polymer matrix and, on the other side, how these adjustments of the polymer conformation can govern the characteristic correlation times of the Gd-DTPA [@B5], [@B6], [@B39].

To investigate thermodynamic interactions between polymer and contrast agent, HA and Gd-DTPA respectively, are selected to be tested by Isothermal Titration Calorimetry (ITC). We aim to take advantage of the molecular interactions that are accompanied by some level of heat exchange between the interacting system and its surrounding medium; indeed, these interactions can be evaluated, at constant temperature, through the ITC. Basic principles of this technique have been widely discussed elsewhere [@B50], [@B51].

Titration experiments are conducted injecting a solution of Gd-DTPA in the ITC cell containing the polymer solution. Different HA concentrations, ranging from 0.3 to 0.7% w/v, are tested and more representative results are reported in Figure [1](#F1){ref-type="fig"} (peaks above the baseline represent exothermic phenomena while peaks below the baseline represent endothermic phenomena). It is clear that significant enthalpy variations are obtained in the titration experiments (Figure [1](#F1){ref-type="fig"}A-C), which induces changes in the polymer chains\' conformation as explained below. Since Figure [1](#F1){ref-type="fig"}A-C show ITC thermograms varying the HA concentration in the sample cell, a wide range of Gd-DTPA/HA molar ratios is examined and the relative energetic contribution and enthalpy values are calculated by integrating peaks of the experimental curves and are reported in Figure [1](#F1){ref-type="fig"}D. Simple dilution of Gd-DTPA in water (Figure [S1](#SM0){ref-type="supplementary-material"}) exhibits only small constant exothermic peaks over the whole experiment.

In Figure [1](#F1){ref-type="fig"}, it is worth noting that the energetic contribution decreases as the Gd-DTPA/HA molar ratio increases; thus, the higher is the concentration of HA in the sample cell, the higher is the Gd-DTPA concentration needed to observe endothermic peaks. It can also be noted that the endothermic contribution exceeds the exothermic one at the recurrent Gd-DTPA/HA ratio approximatively equal to 0.5 through all the experiments at different HA concentrations in the sample cell. It means that a specific energetic contribution is needed to induce the adjustment of the polymer conformation. Then, when the Gd-DTPA/HA molar ratio equals 0.5, the endothermic peaks start slightly increasing until reaching a plateau, which corresponds to the thermodynamic equilibrium established within the ternary system (polymer-CA-water). The measured energetic variation reflects the conformational changes of polymer chains due to the presence of the CA in solution and leads to the formation of stable sub-domains in which a balanced exchange of water molecules occurs between the polymer, the CA and the bulk.

This is confirmed by the relation between Gd-DTPA/HA molar ratio and enthalpy values showed in Figure [1](#F1){ref-type="fig"}D. Indeed, at low Gd-DTPA/HA ratio, the enthalpy term is negative, as expected for polyelectrolytes in water such as HA, which generally dissolve easily in aqueous media and behaves like a long, more or less randomly mobile chain and its conformation is governed by electrostatic forces [@B52]. Indeed, it is well-known that, at low polymer concentrations (dilute solution regime), the intrachain electrostatic interactions and interactions with the surrounding polyelectrolyte chain ions determine the chain conformations since the polyelectrolyte chains are separated from each other by average distances larger than their size [@B52], [@B53]. As Gd-DTPA/HA ratio increases the enthalpy increases too, meaning that a change in conformation is occurring due to the presence of a ionic compound (Gd-DTPA). Indeed, apart from the solvent type (e.g., water), the polymer conformation can be modified by the concentration of added co-solutes. In particular, in the presence of ionic compounds, a screening of the electrostatic repulsion between the charged monomers occurs at low salt concentration form a cloud surrounding the chain and the polymer collapses from an extended coil to a more compact conformation as the salt is added [@B52], [@B54], [@B55].

At Gd-DTPA/HA = 0.5, the enthalpy becomes constant, meaning that an equilibrium is reached. The attainment of this thermodynamic equilibrium derives from a water- mediated interaction occurring between HA and Gd-DTPA. As both hydrophilic components, HA and Gd-DTPA interact with the water by forming hydrogen bonds and by coordinating water molecules. This competitive behaviour generates a measurable heat that reflects the change in polymer chains conformation and the exchange of bound water molecules with the bulk, thereby, bringing the system to a more stable configuration. As also observed in other metal-polymer systems [@B56], [@B57], in the presence of small amounts of metal-chelate compounds, a change of the polymer structure occurs due to the weak macromolecule-metal interactions, which favors the formation of a new hierarchy in the structural organization of the polymer as compared with metal-free system.

In our previous paper [@B39], we preliminary showed how this new structural organization is able to affect the relaxometric properties of the system, as an effect of the new concept of Hydrodenticity, which will be further explained in the following paragraphs.

NMR study of DPTA interactions and water mobility in polymer solution
---------------------------------------------------------------------

Since previous ITC measurements reported by Gouin et al. [@B58] have shown no binding energy between free Gd3+ ions and HA, we hypothesize that polymer conformational changes are mainly induced by the presence of the chelating macromolecule, DTPA. NMR spectroscopy is used to confirm this hypothesis. NMR spectra are calculated for HA and DTPA solutions.

Considering the spectra of the only DTPA and HA (Figure [2](#F2){ref-type="fig"}A-B), whose characteristic peaks are circled in blue and red respectively, the observations of DTPA/HA solutions at different molar ratios are reported (Figure [2](#F2){ref-type="fig"}C-I). The molar ratio ranges from 2 to 100 and is obtained by decreasing the HA concentration from 150 to 10 µM.

In Figure [2](#F2){ref-type="fig"}, it can be observed that the characteristic DTPA peak at 3.50 ppm (s, 2 H, CH2-COOH) is influenced by the presence of HA in solution. In fact, it seems to shift and reduce its intensity far more than the other peaks by increasing the HA concentration. As an example, the shift is evident by comparing Figure [2](#F2){ref-type="fig"}I, where the DTPA peak is highlighted in blue, with Figure [2](#F2){ref-type="fig"}C, where the signal is dramatically reduced. It results that an interaction between the two components of the system exists and generates changes in the NMR spectrum of the solution. This can be due to electrostatic repulsion between the two anionic macromolecules, HA and DTPA.

Through NMR-DOSY, instead, we investigate how the presence of both HA and Gd-DTPA can affect the mobility of water molecules.

Figure [3](#F3){ref-type="fig"} shows the normalized time-dependent self-diffusion coefficient of water in both polymer solutions (Figure [3](#F3){ref-type="fig"}A) and polymer-CA solutions (Figure [3](#F3){ref-type="fig"}B). For short diffusion delays, the measured self-diffusion coefficient D is nearly equal to the free self-diffusion coefficient D~0~ of water at 25°C (2.5·10^-9^ m^2^/s), since the molecules travel over a short distance and only a few of them feel the surrounding macromolecules. As the diffusion time increases, more water molecules go through these restrictions and the self-diffusion coefficient reaches a plateau value.

We can hypothesize that the presence of Gd-DTPA competes with those HA-molecular sites beared by water molecules and that are responsible for polymer hydration and hydrogel formation. As highlighted with ITC results, the polymer conformation can be modified by the presence of Gd-DTPA, which could interplay with the water molecules and with the formation of hydrogen bonding. NMR-DOSY measurements are carried out to assess these hypothesized changes in water mobility. It can be observed that, in the case of the ternary system, the diffusivity of water beyond decreases, as expected for solvent molecules within polymer matrices or in confined environments [@B59], [@B60], suggesting that the polymer-CA combination affects the water mobility more than the polymer itself.

Figure [3](#F3){ref-type="fig"}A clearly shows that water diffusion behaviour is affected by the polymer concentration. In particular, the diffusion coefficient decreases at increasing polymer concentration. Besides, Figure [3](#F3){ref-type="fig"}B shows the additional contribution of the CA to the water mobility. In fact, the presence of Gd-DTPA, even at relatively low concentrations (5 - 30 µM), can further reduce the value of the water self-diffusion coefficient for both short and long diffusion times.

It is worth noting that low Gd-DTPA concentrations are chosen (Figure [3](#F3){ref-type="fig"}B) because Gd-DTPA is highly paramagnetic and it can interfere with NMR measurements [@B61], [@B62], while the HA concentrations (0.1 - 3% w/v) are slightly higher than those used in the ITC experiments to highlight and make more evident the differences in diffusion behaviour between samples. In particular, as illustrated in Figure [3](#F3){ref-type="fig"}B, a fixed polymer concentration of 1% w/v is selected to show the effect of CA on the diffusion of water molecules.

A data comparison between ITC and NMR spectra confirms the hypothesized fundamental properties behind the concept of Hydrodenticity: the ability of Gd-DTPA to induce changes in polymer conformation and in water mobility.

Water dynamics within hydrated polymer matrix containing Gd-DTPA
----------------------------------------------------------------

To analyse further the role of water mobility in the Hydrodenticity, a study of the dynamics and behaviour of water molecules is needed. Within hydrated polymer matrices (hydrogels), containing metal chelates, water molecules mediate polymer-CA interactions and, therefore, play a dual role: on the one hand, the amount of absorbed water [@B63], [@B64] and its interaction with the hydrogel structure affects the chain motion of the hydrophilic polymer; on the other, the mobility of water molecules in the polymer matrix is responsible for the relaxometric properties of the CA.

We investigate the water dynamics in water-HA systems, with and without Gd-DTPA, using the Differential Scanning Calorimetry (DSC). We focus on the thermal effects that the polymer (Figure [4](#F4){ref-type="fig"}) and the CA (Table [1](#T1){ref-type="table"}) have on the water dynamics. According to the literature, indeed, the crystallization of water changes with the polymer concentration and with the hydration degree [@B46].

In Figure [4](#F4){ref-type="fig"}, thermograms of water-polymer systems at different HA concentrations (0.3 - 0.7% w/v) are displayed. We can observe that, during the cooling phase, the crystallization peaks shift to lower temperatures and lower enthalpy values. As expected, the enthalpy, given as the peak area, reaches its maximum value at the highest HA concentration (0.7% w/v).

Table [1](#T1){ref-type="table"} shows a comparison of melting (T~m~) and crystallization (T~c~) temperatures between HA solutions with and without Gd-DTPA (concentration range: 60 - 200 µM). It can be noted that the transition properties remained unaffected in the presence of the CA, suggesting that the influence of the polymer on the thermal behaviour of water is predominant with respect to the CA at the selected concentration.

Relaxation times, rates and relaxivity of the polymer matrix
------------------------------------------------------------

The existence of a water-mediated interaction between Gd-DTPA and HA, observed through ITC, NMR and DSC, and the effect of the polymer conformation on the characteristic correlation time of the metal chelate could explain the boosting of the relaxivity in the studied systems.

Relaxometric properties are investigated using time-domain relaxometry on two different systems: non-crosslinked and crosslinked polymer matrix (0.5% w/v HA) containing Gd-DTPA.

In the latter case, rheological and chemical- physical properties of the polysaccharide can be modulated by changing the crosslinker (DVS) concentration, as known as crosslinking density. In fact, thanks to the presence of hydrophilic groups in the skeleton of HA, the hydrogel is able to uptake a large amount of water. Under these conditions, water is in an abnormal aggregate state that influences the relaxivity of hydrated Gd-DTPA.

Figure [5](#F5){ref-type="fig"} shows the results of relaxometric measurements for the hydrogel system (0.5% w/v HA) studied by loading different concentration of Gd-DTPA. The hydrogel system is analysed and compared to the free Gd-DTPA solution. In particular, we display the increment in the percentage of the paramagnetic relaxation as a function of Gd-DTPA/ HA ratio.

The increment in percentage of the longitudinal relaxation rate (R~1~) has been calculated as follows (Equation 1):

Details on relaxation times and rates values are reported in Table [S1](#SM0){ref-type="supplementary-material"} of the [Supporting Information](#SM0){ref-type="supplementary-material"}.

We find that the stronger is the interaction between Gd-DTPA and HA, the better is the MRI enhancement. Moreover, the crosslinked system is much more efficient than the non-crosslinked one. Indeed, in the crosslinked system, since the enhancement reaches a plateau at Gd-DTPA/HA molar ratio equal to 2.5 (i.e. at 300 µM of Gd-DTPA in 0.5% w/v HA water solution), it is not necessary to overload the system with Gd-DTPA in order to achieve higher relaxation. It is worth noting that, for both studies, with and without crosslinker, the Gd-DTPA concentration of 200 μM seems to represent a threshold for the maximum effect of the hydrogel on the Gd-DTPA relaxation mechanism.

Furthermore, transversal relaxation times (T2) and rates (R2) have also been measured and reported in Table [S1](#SM0){ref-type="supplementary-material"} of the [Supporting Information](#SM0){ref-type="supplementary-material"}.

Figure [6](#F6){ref-type="fig"} displays a schematic representation of the hydrogel network formation, even in the presence of the crosslinking agent, and its influence on the polymer conformation.

We hypothesize that the boosting of Gd-DTPA relaxivity in a hydrogel matrix is due to a proper complexation between the polymer and the CA in solution, mediated by the water and further amplified by the addition of a crosslinker. It is confirmed that the reached equilibrium among osmotic pressure and elastodynamic forces of the polymer meshes and hydration degree of the CA in the matrix are able to tune finely the relaxometric properties of the metal chelates in the ternary system. The overall ensemble of these phenomena is defined as Hydrodenticity [@B39].

Case study: production of polymer particles based on Hydrodenticity
-------------------------------------------------------------------

Recent recommendations from Food and Drug Administration (FDA) and European Medicine Agency (EMA) about the Gd deposition in the brain and other tissues have highlighted the importance to design polymer biocompatible NPs with enhanced relaxivity without chemical modification of the clinical relevant CAs [@B11], [@B65]. Thus, crosslinked NPs formed by HA, a biodegradable, biocompatible, non-toxic, non-immunogenic and non-inflammatory linear polysaccharide [@B66], could represent a successful candidate among nanovectors for MRI applications [@B67]. Indeed, in the last decades, it is undisputed the growing research interest toward the therapeutic action of HA and in developing new diagnostic tools based on this polymer [@B67]. In this work, starting from the above-presented results, we aim to apply the Hydrodencity in the design of biocompatible hydrogel nanostructures to obtain improved relaxometric properties. We propose a concrete example of the concept of Hydrodenticity applied to the production of crosslinked HA NPs for MRI, loaded with Gd-DTPA. An emulsion-based method is used to obtain stable W/O nanoemulsions as templates.

Study of emulsion stability
---------------------------

Stable W/O emulsions are prepared by stirring appropriate amounts of the oil phase (Mineral oil) and an aqueous phase containing different concentrations of Span-80 (S80) or S80 with Tween-85 (S80/T85). The pH, ranging from 12 to 14 is adjusted by adding appropriate amounts of NaOH from a stock solution (0.2 M). Further details are reported in the Materials and Method Section. As expected, in the absence of any surfactant, W/O emulsions prepared in the same conditions split very rapidly in two phases due to their unfavourable thermo-dynamic state. Visual comparison, turbidimetry and backscattering are successfully used to study emulsion stability (Figure [S2](#SM0){ref-type="supplementary-material"} and S3) [@B68]. Comparing emulsions obtained at different W/O ratio, 10:90 and 20:80, but at the same concentration of surfactant, the stability is more extended for emulsions with lower water content. In particular, a formulation 10/90 W/O volume ratio containing S80 (1% w/v) and T85 (0.5 % w/v) resulted the more stable. However, even though the stability of the emulsion is crucial to reduce polydispersity, an alkaline environment (addition of NaOH) is necessary for the crosslinking reaction to take place. Indeed, Balazs and Leshchiner [@B69] showed that the crosslinking reaction starts shortly after addition of DVS (5 - 10 min) and, that, 1 hour is sufficient for the completion of the reaction [@B70], [@B71]. By these requirements, to conduct the experimental campaign, we select the formulation with S80 (1% w/v) and NaOH (0.2 M) as the optimal trade-off to obtain an emulsion stable for at least 3 hours (Figure [S2](#SM0){ref-type="supplementary-material"} and S3), enough for the DVS to react.

Preparation of DVS-crosslinked nanoparticles with and without CA
----------------------------------------------------------------

The exploitation of the best process conditions to design biocompatible nanostructures based on Hydrodenticity and control their relaxation parameters for MRI application is reported. In particular, the effect of the homogenization, HA concentration and the role of the crosslinking reaction is analysed. Different experimental parameters and conditions are tested and details are reported in the Materials and Methods section. A preliminary mixing is performed at 5000 or 7000 rpm for 10 min, by keeping constant the temperature at 25 °C. A 5000 rpm speed is preferred to avoid and uncontrolled increase of the temperature.

After the homogenization, a crosslinking reaction is performed at high pH values (12 - 14) and creates sulfonyl bis-ethyl linkages between the hydroxyl groups of HA [@B72]. This crosslinking method has the advantage of occurring at room temperature, which limits the degradation of HA in alkaline solutions. Even though the starting material DVS is highly reactive and toxic, the biocompatibility of the HA-DVS hydrogels is confirmed by histological analysis [@B73].

In our protocol, a study of the modalities of injection of the crosslinking agent at different steps of the homogenization process has shown that only when DVS is added after the homogenization step spherical NPs are obtained. On the contrary, when the addition of the crosslinker is performed at any time point during the homogenization phase, a shear stress behavior of the polymer phase, interfering with the formation of those particles, is observed (Figure [S4](#SM0){ref-type="supplementary-material"}).

The best experimental condition for production of crosslinked NPs is reached at 0.045% v/v DVS (Table [S2](#SM0){ref-type="supplementary-material"}).

Based on these results and using the same process conditions, loaded NPs are obtained by adding the CA in the water phase of the emulsion. Among several FDA approved CAs, we have chosen to encapsulate a Gd chelated, Gd-DTPA (9.13 mM).

Purification and characterization of HA-NPs
-------------------------------------------

Ultracentrifugation (UC) and dialysis are performed to purify HA NPs. Dynamic Light Scattering (DLS) measurements are made on aqueous dilute NP suspension (1:10). The smaller NPs\' size without CA (217.57 ± 34.65 nm) is obtained at 0.25% w/v of HA solution. At higher polymer concentration (0.5% w/v) particle size is higher (401.67± 77,65 nm), while the formulation with 0.1% w/v HA shows a reverse phenomenon with larger particles (760.15 ± 86 nm), probably due to less stability of the nuclei that tend to coalesce. When Gd-DTPA is added to the process, the particle size at HA 0.25% w/v is slightly increased (258.77 ± 15.65 nm) for the same process conditions. After purification, NPs are investigated by electron microscopy techniques (SEM and TEM). The morphology of the NPs observed revealed that the particles are spherical in shape and monodisperse (Figure [S5](#SM0){ref-type="supplementary-material"}).

Loading Capability (LC) and Encapsulation Efficiency (EE) is determined through ICP-MS by comparing the theoretical amount initially used to prepare the particles and the Gd encapsulated in the system after ultracentrifugation. The higher encapsulation results for 0.25 % w/v HA (1:2 w/w HA/Gd- DTPA ratio). Results show that probably ionic nature of Gd-DTPA impacts on its encapsulation. In addition, HA NPs result stable up to 6 months or more, at 4°C and the release of Gd-DTPA from HA NPs is tested at physiological condition (up to 48 hr), because it is expecting that the clearance is shorter than 48 hr.

The zeta potential value of the 0.25% HA-NPs, with and without CA, indicate that they had a negatively charged surface (-37.4 ± 1.34 mV and -31.8 ± 0.88 mV, respectively), due to the carboxylic group of HA. IR measurements were also performed (Figure [S6](#SM0){ref-type="supplementary-material"}).

Relaxivity studies
------------------

T~1~ and T~2~ measurements at 60 MHz (1.5 Tesla) and 120 MHz (3 Tesla): Relaxivity and relaxation times are measured for both unloaded and loaded NPs and compared with free Gd-DTPA solution. Measurements are performed on a 120 MHz (3 Tesla) MRI system and on a 60 MHz (1.5 T) benchtop relaxometer.

Relaxivity results obtained at 120 MHz are presented on a per millimolar Gd basis in Figure [8](#F8){ref-type="fig"} and show a maximum r~1~ of 33.3 s^-1^mM^-1^ (i.e. 10 times higher compared to free Gd-DTPA). Even though all the proposed formulations of Gd-DTPA-loaded HA nanostructures show an increase of the r~1~ signal, as reported in Figure [7](#F7){ref-type="fig"}A, the highest boosting of the relaxivity is provided by the NPs obtained using the formulation at 0.25% HA and 1:2 w/w HA/Gd-DTPA (Figure [7](#F7){ref-type="fig"}A-C).

T~1~ relaxation time distributions at 37°C and 60 MHz are investigated for loaded and unloaded NPs (HA at 0.25% w/v) as well as for free Gd-DTPA solution (Figure [7](#F7){ref-type="fig"}D). Compared to the 200 µM free Gd-DTPA solution, which shows a broad distribution around 1000 ms, NPs loaded with 200 µM Gd-DTPA exhibit an excellent T~1~ distribution with a sharp peak centered below 500 ms. Gd concentration within loaded NPs was determined through Inductively Coupled Plasma Mass Spectrometry (ICP-MS).

Loaded NPs perform far better even compared to the unloaded ones, whose distribution appears to be broad and centered around 2800 ms.

It is worth mentioning that, compared to T~1~ distribution for bulk water (3600 ms), unloaded NPs\' distribution shows that a slight contribution to the longitudinal relaxivity is ascribable to the crosslinked polymer nanostructure, which is able by itself to tune the water mobility for a non-nanostructured material. The contribution, therefore, to the overall relaxivity is further enhanced in the ternary system, thanks to the water-mediated interaction between the polymer and metal chelate.

Modeling of NMR dispersion: NMRD profile
----------------------------------------

The NMRD profiles as a function of the static magnetic field of the aqueous solutions of Gd-DTPA and loaded and unloaded NPs (Figure [8](#F8){ref-type="fig"}) are set up to establish the effects caused by Hydrodenticity functionalities on the parameters that determine the observed relaxivities. The longitudinal relaxation rates are recorded at 37°C as a function of resonance frequency and according to NP Gd-loading obtained by ICP-MS. The NMRD experimental curve for free Gd-DTPA shows a plateau in longitudinal relaxivity at low fields and significantly decreases as the applied magnetic field increases starting from 1 MHz. Conversely, longitudinal relaxivity (r~1~) for loaded NPs (HA at 0.25% w/v) is characterized by the presence of a low-field plateau and a gradual increase starting from 10 MHz, reaching a "dispersion peak" between 60 and 70 MHz. The same peak and trend in the high field region (20 - 70 MHz) is observed for both at 25°C and 37°C. As a control, unloaded NPs do not exhibit increase in relaxivity in this field region, confirming that the nanohydrogel structure containing Gd-DTPA contributes to slowing the chelator\'s tumbling motion and allows water exchange thanks to its hydrophilic properties, as hypothesized in the concept of Hydrodenticity.

Discussion
==========

Theory of the Gado-Mesh formation
---------------------------------

This work reports the use of polymer hydrogels for boosting the relaxivity of clinical relevant CAs.

Results show that a spontaneous complexation exists between HA and Gd-DTPA due to thermodynamic interactions as demonstrated by both calorimetric and NMR measurements. It is already known that, in an aqueous polymer solution, solvent affinity can alter polymer conformation by inducing local solvation of the structure that influences the number of available conformations of the polymer chains. Moreover, the introduction of another soluble ionic component, such as Gd-DTPA, in the system can induce further changes in polymer conformation, detectable via diverse thermodynamic approaches [@B74]-[@B77]. Based on our findings, we prove for the first time that these conformational changes, induced by the metal chelate, contribute to an increase in CA\'s relaxivity.

To tune the MRI enhancement, we exploit the versatile structural characteristics of HA. In fact, the high porosity of the hydrogel, which shows a mesh-like structure, is controlled by varying the density of covalent crosslinking [@B78], [@B79]. Moreover, the presence of negatively charged groups and the degree of crosslinking influence water adsorption capacity and, thus, the relaxometric properties of the ternary system [@B45].

Therefore, the presence of the hydrogel matrix can significantly amplify the magnetic properties of the encapsulated Gd-DTPA, suggesting a strong outer-sphere and second-sphere contribution to the relaxivity.

Based on these observations, we hypothesize that increased relaxivity is mainly related to the creation of water domains or clusters (water compartments) around the CA within the polymer matrix. In fact, biopolymer systems contain intermolecular cavities that can be considered as molecular nano-domains in which various self-assembly processes can be implemented in principle [@B80]. The formation of peculiar structures within these cavities can be associated with thermodynamic transitions and it is a characteristic of many metallopolymer systems [@B81], [@B82].

The sub-nanostructures, here defined "Gado- Meshes", are generated from a three-way interaction between HA, Gd-DTPA and water. The entrapment of the CA inside the hydrophilic matrix of HA results in a reduction of the rotational tumbling rate, due to an increase of the effective viscosity of the aqueous solution into the hydrogel matrix. At the same time, multiple CA-water interaction pathways occur between the exchangeable protons of the water molecules coordinated by the CA and the other water molecules freely moving within the hydrogel mesh or bonded to the polymer chains [@B22], [@B44], [@B83].

Our "Gado-mesh" consists of highly relaxing Gd-water compartments spontaneously generated within the hydrogel matrix by the combination of these multiple physico-chemical interactions. The so created nanostructure is composed of different water layers departing from the polymer chains that surround the Gd-molecules. It is known, in fact, that hydrated polysaccharides, such as HA, are characterized by the presence of multiple water layers, contiguous regions of variable water density within a polyelectrolyte solution [@B84], differing in their physical properties depending on the distance from the polysaccharide chain [@B85]. The hydration process of HA generates: the "bound water layer", which is the water fractions closely associated with the polymer matrix; the "unbound water layer", made by the water molecules which are not directly interacting with the polymer; and the "free water layer", which resembles dynamics of pure water. In addition, the developed polymer network can be dependent not only on the water layers organization but also on other solute species, such as Gd-DTPA, altering the bound water layer with non-negligible effect on the HA conformation and dynamic [@B86]. In the "Gado-mesh", Gd-DTPA has a competitive behaviour with the respect of HA, similar to the cation shielding of the HA due to the presence of salts [@B87], and interposes itself between the water molecules around the HA, altering the bound water layer and generating water compartments with high MRI enhancing properties. The "Gado-mesh" influences the τR, τD and τM times through the action of the Hydrodenticity, whose effect is magnified by the crosslinking. Hydrodenticity, hence, refers to the status of the hydrated Gd-DTPA with the coordination water subjected to osmotic pressure deriving from elastodynamics equilibrium of swollen gels [@B39], [@B88]-[@B93].

We hypothesize that the attainment of this equilibrium is reached when the standard energetic stability of the meshes is compromised by the presence of the Gd-DTPA and evolves to a new spontaneous equilibrium involving the formation of nanocompartments, so-called "Gado-Meshes", in which water is in an abnormal aggregate state that influences the relaxivity. Water molecules in the hydrogel matrix that are subjected to the effect of Hydrodenticity are able to change their water dynamics and can mediate the hydrogel conformation and the physical and relaxometric properties of the metal chelate.

Conclusion
==========

From a biomedical point of view, the possibility to tune relaxometric properties of CAs by controlling hydrogel structural parameters can pave the way to new advancements in the design of nanovectors for diagnosis and therapy. This work proves that a new generation of more efficient nanoparticle-based CAs can be developed by exploiting the affinity between CAs and biopolymers. It can be done using biocompatible and clinical relevant CAs without their chemical modification as approved in the clinical practice. Furthermore, the size of the resulting NPs is in a range that makes them suitable for delivery to cells and tissues and a further increase in relaxivity can be potentially achieved by tuning the system to the most efficient structure by choosing the correct biopolymer-CA combination and optimizing concentration and crosslinking degree of the structure.

Experimental Section
====================

Materials
---------

All chemicals used are of analytical reagent grade quality and are employed as received. Sorbitan monooleate (Span® 80) (S80), Polyoxyethylenesorbitan trioleate (Tween® 85) (T85), Mineral oil (light oil, 0.8 gr/cm at 25°C), Divinyl sulfone (DVS, 118.15 Da), Diethylenetriaminepentaacetic acid gadolinium(III) dihydrogen salt hydrate (Gd-DTPA, 547.57 Da), Sodium hydroxide pellets (NaOH), Acetone and Ethanol are purchased from Sigma Aldrich Chemical (Italy). Sodium Hyaluronate, with an average molecular weight of 850 kDa (purity 99%; Hyasis® 850P) and 42 kDa, is respectively supplied by Novozymes Biopharma and Bohus Biotech (Sweden) as dry powder and used without purification.

Magnevist® (Bracco Imaging, Italy), a contrast agent commercially available, is used in this study. The water is purified by distillation, deionization, and reserve osmosis (Milli-Q Plus) and systematically used for sample preparation, purification and analysis. All experiments are repeated in triplicate and conducted at room temperature, 25°C.

Isothermal Titration Calorimetry
--------------------------------

Titration experiments are performed by using a Nano ITC Low Volume calorimeter (TA Instruments). CA and polymer are prepared in double-distilled filtered water without any additives. The sample cell (700 µL) and the syringe (50 µL) are filled with aqueous solutions of HA and Gd-DTPA respectively. Syringe Gd-DTPA concentration is fixed at 1.5 mM, while different HA concentrations in the sample cell are tested, ranging from 0.3 to 0.7% w/v. The measurements are performed at 25 °C and at fixed stirring rate of 200 rpm. Fifty Injections, each of 1 μL of Gd-DTPA, are delivered in intervals of 500 s. The concentration of polymer is expressed as the mass of the repeat unit (unit mol/L).

Data analysis and processing to provide ITC and enthalpy change (ΔH) profiles is carried out using the NanoAnalyze (TA instruments) and the OriginPro software.

NMR Spectroscopy
----------------

1H NMR spectra are recorded at 25 °C with Varian Agilent NMR spectrometer operating at 600 MHz to observe chemical interactions between polymer and chelating agent (DTPA). The NMR samples consisted of water solution of HA-DTPA at different molar ratios (HA/DTPA ranging from 0 to 0.5), with 10% v/v D2O.

Diffusion-ordered NMR Spectroscopy (DOSY) is also performed and the z-gradient strengths (Gz) is varied in 20 steps from 500 to 32500 G/cm (maximum strength). The gradient pulse duration (δ) and the diffusion delay (Δ) are kept constant, 2 ms for δ and ranging from 7 to 1000 ms for Δ. After Fourier transformation and baseline correction, DOSY spectra are processed and analysed using Varian software VNMRJ (Varian by Agilent Technologies, Italy) in order to obtain the values of water self-diffusion coefficient.

Differential Scanning Calorimetry
---------------------------------

For all measurements the HA/water solution (Mw = 42 kDa) is used. The aqueous solutions are prepared in a concentration range of polymer 0.3-0.7% w/v. Next, Gd-DTPA is added as CA at different molar ratio HA/Gd-DTPA (from 1:0.25 to 1:3) and stirred for 12 h. The hydrated polymer samples, with and without CA, are sealed at room temperature in a Tzero hermetic pans prior to analysis. DSC measurements are performed in a TA Instruments\' Q20TM calorimeter on samples between 5 and 10 mg. The samples are cooled down from 25°C to -50°C followed by heating scan up to 25°C. The same heating and cooling rate are 10°C/min for all runs. Samples are tested in triplicate to ensure reproducibility. For DSC and ITC measurements, we used low molecular weight HA (42 kDa) to highlight better the energetic contributions of different components without exceeding the maximum scale of the instruments.

Time-Domain Relaxometry
-----------------------

The spin-lattice relaxation times (T~1~) are measured in a Bruker Minispec (mq 60) bench-top relaxometer operating at 60 MHz for protons (magnetic field strength: 1.41 T). Measurements are taken at 37°C, and before NMR measurements, the tube is placed into the NMR probe for about 15 min for thermal equilibration. Experiments are made using water solutions of Gd-DTPA (from 0 to 0.1 mM) and HA (0.3, 0.5 and 0.7% w/v) crosslinked with DVS (DVS/HA weight percentage ratio equal to 1:8). T~1~ values are determined by both saturation (SR) and inversion recovery (IR) pulse sequences. The relaxation recovery curves are fitted using a multi-exponential model. Relaxivities, r1, are calculated from the slope of the regression line of 1/T~1~ \[s^-1^\] versus concentration \[mM\] with a least-squares method.

Emulsion Preparation
--------------------

The emulsions are prepared at different water to oil (W/O) ratio (10/90 and 20/80 v/v). Mineral oil is used as oil phase (or continuous phase, PC) and W/O emulsions are made by varying the concentration of surfactants for the PC and water phase (or dispersed phase, PD) and the concentration of NaOH (from 0 to 0.2 M) for the PD in order to obtain emulsion systems. In particular, non-ionic surfactants, Span-80 (S80) and Tween-85 (T85), are used to prepare mixtures with a range from 4.3 to 7.65 of HLB values. Depending on the initial HLB to be used, mixtures of S80 and T85 are pre-dissolved in the appropriate S80/T85 mass ratios (from 50/50 to 75/25) in PC and PD, respectively. PD containing T85 and NaOH, is added dropwise to PC and W/O emulsions are prepared using a high-shear homogenizer (Silverson L5M-A, Silverson Machines Ltd, Waterside, UK). Homogenization of the Emulsion is performed from 5000 to 7000 rpm for 10 min at room temperature (25°C).

Temporal Emulsion Stability Determination
-----------------------------------------

The stability of emulsions is evaluated, at regular time intervals, by visual observation, measuring the height of the phase separated by creaming in centimeters as a function of the time. In addition, optical characterization of emulsion stability made is using a Turbiscan (Turbiscan LabThermo) by static multiple light scattering (MLS), sending a light beam from an electroluminescent diode (λ=880 nm) through a cylindrical glass cell containing the sample. The emulsion sample without dilution is placed in a cylindrical glass cell and two synchronous optical sensors receive the light transmitted through the sample (180° from the incident light) and the light backscattered by the droplets in the sample (45° from the incident light). The optical reading head scans the height of the sample in the cell (about 40 mm), by acquiring transmission and backscattering data every 40 μm. Transmitted and backscattered light are monitored as a function of time and cell height for 24 hours at an interval of 30 min at 25°C.

Preparation of DVS-Crosslinked Nanoparticles
--------------------------------------------

Based on these preliminary results, PD/PC ratio in all samples is set at 10/90 v/v. In particular, for the preparation of cross-linked NPs, HA powder (Mw = 850 kDa) is dissolved at different concentrations (from 0.1 to 0.5% w/v) under alkaline condition (NaOH ranging from 0 to 0.2 M) by vigorous stirring at room temperature for 4 hours until a homogenous solution is obtained. Mineral oil and S80 (from 0.5 to 2% w/v) are separately mixed by stirring. PD is added drop-wise in the PC without stirring and all the components are completely mixed by homogenization at various times (5-15 minutes) and speeds (5000 - 7000 rpm). Then, the cross-linking agent (DVS) is added to the final emulsion (40 ml), which is kept in agitation on a laboratory tube rotator for 24 hours to obtain a homogeneous DVS distribution in the PD. To test DVS activity, various conditions of crosslinking reaction are explored: (1) at different DVS concentrations (from 0.01 to 0.5% v/v); (2) at three starting times of reaction (beginning, during and post homogenization) and (3) at different temperatures (4 and 25°C).

The best experimental conditions for production of crosslinked HA-NPs are reported in Table [S2](#SM0){ref-type="supplementary-material"} of the [Supporting Information](#SM0){ref-type="supplementary-material"}.

Loading of HA NPs with Contrast Agents
--------------------------------------

After identifying the protocol to obtain NPs, Gd-DTPA is chosen as CA and mixed in the PD before homogenization. Gd-loaded HA NPs (HA-Gd NPs) are prepared using different HA/CA mass ratios (1:1, 1:2 and 1:5). DVS is added post homogenization to the batch at room temperature using the same procedure reported above.

Collection of the Nanoparticles
-------------------------------

Recovery of the NPs and their separation from W/O emulsion system is made using dialysis and/or ultracentrifugation. For dialysis method, the obtained emulsion is placed in a pre-washed cellulose membrane tubing (Spectra/Por® Dialysis Tubing, cut-off of 25 kDa). Organic impurities (Mineral oil and S80) are removed dialyzing first against solvents as acetone and/or ethanol, and gradually against water. Dialyzing solutions are changed at regular time intervals. In the case of ultracentrifugation, 1 ml of the emulsion is added to 5 ml of ethanol and mixed for 2 hours. Then, this mix is centrifuged with an ultracentrifuge (Beckman-Coulter OPTIMA MAX-XP) at 55000 rpm for 20 min at 15°C. The resulting pellet is washed twice and resuspended in MilliQ water. The second step of ultracentrifugation (70000 rpm, 10 min, 15°C) is applied to the pellet in order to obtain purified NPs.

Characterization of the Nanoparticles
-------------------------------------

To determine the size distribution of NPs, dynamic light scattering (DLS) is performed using a Zetasizer S-90 1000 HS (Malvern Instruments, UK).

All samples are diluted (1:10) with deionized water to prevent the effects of multiple scattering. The measurement temperature is set at 25°C. The morphology and size of NPs are investigated using ULTRA PLUS field emission Scanning Electron microscope (FE-SEM Carl Zeiss, Oberkochen, Germany) and a Transmission Electron microscopy (TEM, TECNAI). In the first case, the samples are coated with gold (7 nm).

Determination Of Gadolinium Loading by ICP-MS
---------------------------------------------

The quantitative determination of loaded Gd in HA NPs is assessed by ICP-MS (NexION 350, Perkin Elmer) without any previous digestion processes. For all examinations, purified NP suspensions are used. The non-encapsulated Gd-complexes are separated from the NPs by high-speed centrifugation (55000 rpm, 20 min, 15 °C).

MRI Testing
-----------

To explore the potential of Gd-loaded HA NPs as MRI contrast agent, MRI *in vitro* test is performed at two different magnetic fields, 1.5 T and 3 T MR (Philips Achieva) using Sense Head 8 coil. The T~1~-weighted MR images of HA NPs, unloaded and loaded with Gd-DTPA at different concentrations using an inversion recovery sequence are measured with the following parameters: TR = 2500 ms; TE = 12 ms; TI = 50, 100, 200, 400, 800, 1100, 1800 ms; FOV= 180x146 mm; slice thickness = 4 mm, acquisition matrix = 360x292.

The signal intensity of the samples is measured on the obtained T~1~-weighted MR images and compared to Gd-DTPA.

NMR Dispersion Measurements
---------------------------

The proton 1/T~1~ NMRD profiles are measured using a fast-field-cycling Stelar SmarTracer relaxometer over a continuum of magnetic field strengths from 0.00024 to 0.25 T (which correspond to 0.01 - 10 MHz proton Larmor frequencies). The uncertainty of these measurements is less than 1%. Additional data points in the range 15 - 70 MHz are obtained using a Stelar Relaxometer and a Bruker WP80 NMR electromagnet adapted to variable-field measurements (15 - 80 MHz proton Larmor frequency).

Fourier Transform Infrared Spectroscopy
---------------------------------------

Fourier transform infrared spectra (FT-IR) were collected from Nicolett 6700 FT-IR spectrometer (Thermo Scientific). All the IR spectra of the specimen were collected at 0.09 cm-1 resolution with 2 min interval. Empty HA NPs and Gd-DTPA- Lodaed HA NPs were analyzed to observe the interaction. Spectra were recorded and analyzed for signal assignation.

Supplementary Material {#SM0}
======================

###### 

Supplementary figures and tables.

###### 

Click here for additional data file.

Franca De Sarno and Alfonso Maria Ponsiglione contributed equally to this work. The manuscript was written through contributions of all authors. All authors have given approval to the final version of the manuscript.

CA

:   contrast agent

cHANPs

:   crosslinked hyaluronic acid nanoparticles

DOSY

:   diffusion-ordered nmr spectroscopy

DSC

:   differential scanning calorimetry

DVS

:   divinyl sulphone

EE

:   encapsulation efficacy

EMA

:   european medicines agency

FDA

:   food and drug administration

Gd

:   gadolinium

Gd-DTPA

:   diethylenetriaminepentaacetic acid gadolinium(iii) dihydrogen salt hydrate

HA

:   hyaluronic acid

HLB

:   hydrophilic-lipophilic balance

HyCoS

:   hybrid core-shell

ICP-MS

:   inductively coupled plasma mass spectrometry

IR

:   inversion recovery

ITC

:   isothermal titration calorimetry

LC

:   loading capability

MLS

:   multiple light scattering

MRI

:   magnetic resonance imaging

NaOH

:   sodium hydroxyde pellets

NMR

:   nuclear magnetic resonance

NMRD

:   nuclear magnetic relaxation dispersion

NPs

:   nanoparticles

NSF

:   nephrogenic systemic fibrosis

PC

:   continuous phase

PD

:   dispersed phase

PET

:   positron emission tomography

S80

:   sorbitan monooleate (span® 80)

SBM

:   solomon-bloembergen-morgan

SEM

:   scanning electron microscopy

SR

:   saturation recovery

T85

:   polyoxyethylenesorbitan trioleate (tween® 85)

TEM

:   transmission electron microscopy

W/O

:   water in oil.

![Titration curves of Gd-DTPA into aqueous polymer solutions at 25 °C. Calorimetric traces (heat flow against time) for **(A)** 0.3% w/v HA, **(B)** 0.5% w/v HA and **(C)** 0.7% w/v HA. In **(D)** it is reported the normalized enthalpy vs Gd-DTPA/HA molar ratio for Gd-DTPA in 0.3% w/v HA (red circles), in 0.5% w/v HA (blue triangles) and in 0.7% w/v HA (magenta diamonds). The curves were shifted vertically for clarity; y-offset were set at 2 (red circles), 0 (blue triangles) and -10 (magenta diamonds).](thnov09p1809g001){#F1}

![**(A)** ^1^H NMR spectrum of DTPA; **(B)** ^1^H NMR spectrum of HA; **(C-I)** ^1^H NMR spectra of DTPA/HA solutions at different molar ratios, from DTPA/HA = 2 to DTPA/HA = 100. Characteristic peaks of DTPA and HA are highlighted in blue and red respectively.](thnov09p1809g002){#F2}

![**(A)** Normalized time dependent water self-diffusion coefficient in 0.1% w/v HA (squares), 1% w/v HA (triangles), 2% w/v HA (flipped triangles), 3% w/v HA (diamonds). **(B)** Normalized time dependent water self-diffusion coefficient in 1% w/v HA (triangles), 5 μM Gd-DTPA in 1% w/v HA (flipped triangles) and 30 μM Gd-DTPA in 1% w/v HA (stars).](thnov09p1809g003){#F3}

![DSC thermograms of HA at different concentrations (0.3, 0.5 and 0.7% w/v).](thnov09p1809g004){#F4}

![Increment in longitudinal relaxation rate, R~1~, at different Gd-DTPA/HA ratio (from 0 to 9) for: free Gd-DTPA in water (black squares); Gd-DTPA in 0.5% w/v HA solution (blue filled triangles); Gd-DTPA in 0.5% w/v HA crosslinked with DVS (blue empty triangles). The R~1~ increment is calculated in percentage with respect to the corresponding R1 of Gd-DTPA in water. A fast increment in R~1~ is observed until a 2.5 Gd-DTPA/HA ratio (Gd-DTPA concentration equal to 300 µM). For higher ratios (i.e. higher Gd-DTPA concentrations), the R~1~ increment reaches a plateau.](thnov09p1809g005){#F5}

![Formation mechanism affects hydrogel network structure: schematic representation of: formation of a hydrogel of hyaluronic acid in water (bottom); complex HA-Gd-DTPA structure (middle); crosslinked hydrogel network containing the contrast agent (top).](thnov09p1809g006){#F6}

![**(A)** Relaxivity values r~1~ determined at magnetic field strengths of 3T for different set of HA-NPs with respect to free Gd-DTPA in water.**(B)** Longitudinal relaxation rate (1/T~1~) versus Gd-DTPA concentration for free Gd-DTPA in water and for HA-NPs at different polymer concentrations loaded with Gd-DTPA. **(C)** T~1~-weighted images of Gd-DTPA, unloaded HA-NPs (used as control) and HA-NPs at different polymer concentrations loaded with Gd-DTPA. All samples are imaged at 3T, 25°C, using standard spin echo (SE) sequence. **(D)** Distribution of longitudinal relaxation times of (T~1~) of 200 μM Gd-DTPA in water (squares), unloaded 0.25% HA-NPs (circles) and 0.25% HA-NPs loaded with 200 μM Gd-DTPA (triangles).](thnov09p1809g007){#F7}

![NMRD profiles showing relaxivity of Gd-DTPA in water (squares), unloaded 0.25% HA-NPs (circles), Gd-loaded 0.25% HA-NPs at 25°C (triangles) and 37°C (flipped triangles).](thnov09p1809g008){#F8}

###### 

Melting (Tm) and crystallization (Tc) temperatures for free Gd-DTPA in water and HA solutions with and without CA.

  ----------------------------------------------------------------------------------
  Sample             Concentration         Tc (°C)   ΔH (J/g)   Tm (°C)   ΔH (J/g)
  ------------------ --------------------- --------- ---------- --------- ----------
  **Gd-DTPA**        60 µM\                -7.47\    218.7\     5.37\     249.0\
                     80 µM\                -8.36\    245.0\     6.52\     255.0\
                     100 µM\               -8.00\    239.7\     5.36\     266.0\
                     140 µM                -9.27     238.6      5.17      269.9

  **HA**             0.3 % w/v\            -6.40\    243.0\     5.62\     260.8\
                     0.5 % w/v\            -7.72\    248.4\     6.05\     253.3\
                     0.7 % w/v             -8.31     239.2      5.21      270.0

  **HA + Gd-DTPA**   0.3 % w/v + 60 µM\    -9.73\    229.1\     7.94\     255.1\
                     0.5 % w/v + 100 µM\   -7.88\    244.9\     6.47\     273.0\
                     0.7 % w/v + 140 µM    -6.24     254.5      5.02      259.0
  ----------------------------------------------------------------------------------
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